Abstract The hyperexcitability of alpha-motoneurons and accompanying spasticity following spinal cord injury (SCI) have been attributed to enhanced persistent inward currents (PICs), including L-type calcium and persistent sodium currents. Factors controlling PICs may offer new therapies for managing spasticity. Such factors include calcium-activated potassium (KCa) currents, comprising in motoneurons an after-hyperpolarization-producing current (I KCaN ) activated by N/P-type calcium currents, and a second current (I KCaL ) activated by L-type calcium currents (Li and Bennett in J neurophysiol 97:767-783, 2007). We hypothesize that these two currents offer differential control of PICs and motoneuron excitability based on their probable somatic and dendritic locations, respectively. We reproduced SCI-induced PIC enhancement in a two-compartment motoneuron model that resulted in persistent dendritic plateau potentials. Removing dendritic I KCaL eliminated primary frequency range discharge and produced an abrupt transition into tertiary range firing without significant changes in the overall frequency gain. However, I KCaN removal mainly increased the gain. Steady-state analyses of dendritic membrane potential showed that I KCaL limits plateau potential magnitude and strongly modulates the somatic injected current thresholds for plateau onset and offset. In contrast, I KCaN had no effect on the plateau magnitude and thresholds. These results suggest that impaired function of I KCaL may be an important intrinsic mechanism underlying PIC-induced motoneuron hyperexcitability following SCI.
Introduction
Reflexes are involuntary motor behaviors triggered by various sensory stimuli (e.g., tendon tap reflex), often integrated into centrally generated movements so as to contribute to the control and coordination of those movements. Chronic spinal cord injury (SCI) often results in exaggerated reflexes (hyperreflexia) below the level of injury, producing unwanted movements and impaired control of voluntary movements. Hyperreflexia and other concomitant changes such as increased muscle tone lead to spasticity (Lance 1980) . Neural mechanisms implicated in hyperreflexia include enhancement of synaptic excitation (Baker and Chandler 1987) , down-regulation of inhibition (Shapiro 1997) and probably increased excitability of interneurons mediating the spinal reflexes (ElBasiouny et al. 2010) . In particular, spinal alpha-motoneurons that form the final common neural pathway driving the skeletal musculature become hyperexcitable (Bennett et al. 2001b ).
The observed hyperexcitability has been attributed to an enhancement of intrinsic persistent inward currents (Bennett et al. 2001a; Li et al. 2004a) . Persistent inward currents (PICs) include a low-voltage activated L-type calcium current (I CaL ) and a sub-threshold persistent sodium (I NaP ) current. Under normal conditions, PICs are activated by brain-derived serotonin (5-HT) and other monoamines (Hounsgaard et al. 1988; Heckman et al. 2005) . Functionally, PICs amplify synaptic inputs and influence the dynamic transformation of such inputs into motoneuron frequency code that directly translates into muscle force. Therefore, PICs are important determinants of motoneuron excitability. Enhancement of PICs following SCI can result in spasms (Gorassini et al. 2004; Harvey et al. 2006b ). Hence regulation of PICs by intrinsic as well as synaptic mechanisms is potentially a critical factor in the management of motoneuron excitability following SCI. We recently showed that PIC regulation can be restored by increasing the strength and kinetics of dendritic inhibition (Venugopal et al. 2009a (Venugopal et al. , b, 2011 . Here we study an alternative mechanism involving intrinsic calcium-dependent potassium currents in the control of PICs and motoneuron excitability.
Small-conductance calcium-activated potassium (SK) currents are present in many types of neurons. They are important for the production of after-hyperpolarization (AHP) following an action potential and hence in the control of membrane excitability. In motoneurons, N-type calcium-dependent SK currents are involved in the production of medium AHP or mAHP (lasting a few tens of seconds) (Li and Bennett 2007) . The mAHP has been suggested to limit the gain (slope of the injected currentfiring frequency or I-f curves) and inter-spike interval variability (Manuel et al. 2005 (Manuel et al. , 2006 . It is also suggested to be important for grading PICs (Elbasiouny et al. 2006) . Recently, a L-type calcium-dependent (calcium PICdependent) SK current that was not involved in mAHP production (i.e., was insensitive to N-type calcium channel blockers) was reported by Li and Bennett (2007) . Interestingly, following SCI, mAHP remained unchanged whereas a reduction in calcium-PIC dependent SK current relative to L-type calcium current was noted, suggesting that changes in this potassium current may be a factor in the increased L-type calcium current and hyperexcitability following SCI. However the selective roles for these two populations of N-and L-type calcium-dependent SK currents in PIC control remain unclear. In the present study, we use a computational model for a SCI motoneuron to examine the selective roles of the two SK currents on motoneuron excitability. In particular, we hypothesized that the L-type calcium-dependent potassium current has a greater role in the control of PIC-mediated motoneuron hyper-excitability that may underlie spasticity resulting from chronic SCI. Short form of this work has been published as an abstract and presented as a poster (Venugopal et al. 2010 ).
Methods
We utilize our recently developed conductance-based SCI motoneuron model (Venugopal et al. 2009a (Venugopal et al. , b, 2011 to examine the contribution of SK currents to PIC regulation. Briefly, the model consists of two electrotonically coupled compartments: soma (or cell body) and dendrite. Figure 1 shows the schematic of the model showing the ionic currents included in each compartment. The soma includes the action potential generating currents including the fast sodium (I Na ), delayed rectifier type potassium (I Kd ), medium after-hyperpolarization generating N-type calcium (I CaN ) and N-type calcium-dependent potassium (I KCaN ) along with a leak current (I leak ). The dendritic compartment consists of the PICs: low-threshold L-type calcium (I CaL ) and persistent sodium (I NaP ) currents as well as the I CaL dependent potassium current (I KCaL ) and a leak current. Thus in this model, the selective dependence of SK channels on N-type and L-type calcium channels is presumed to depend on colocalization with N-type and L-type calcium channels that are located separately in soma and dendrites (see ''Discussion'').
Following chronic SCI, intrinsic hyperexcitability of the motoneuron is evidenced by the presence of a counterclockwise hysteresis in the I-f relationship and persistent Fig. 1 Schematic of the two-compartment SCI motoneuron model showing distribution of the intrinsic ionic currents. The currents included in the model are as follows: spike generating-fast sodium (I Na ) and delayed rectifier-type potassium (I Kd ); medium afterhyperpolarization (mAHP) generating-N-type calcium (I CaN ) and N-type calcium activated potassium (I KCaN ); leak potassium currents essential for stable resting potential (I Leak ); persistent inward currents-L-type calcium (I L-Ca ) and persistent sodium (I NaP ); sustained potassium-L-type calcium activated potassium (I KCaL ); Soma injected current-I SOMA ; soma and dendrite coupling current (I coup ) plateau activation (Bennett et al. 2001b ). These properties were not observed after acute spinal transection. We reproduce the firing properties including I-f hysteresis and persistent plateau activation in the SCI motoneuron model (also see (Venugopal et al. 2009a (Venugopal et al. , b, 2011 . In order to do so, we assume values of conductances for the PICs, I CaL and I NaP that generate a counter-clockwise I-f hysteresis (Li and Bennett 2003; Li et al. 2004a ) such that the ratio of the I CaL and I NaP conductances are *1.772 as noted in (Li et al. 2004a ). Furthermore, we set the dendritic I KCaL to be a smaller fraction of I CaL as observed after chronic SCI (Li and Bennett 2007 ) (see (Venugopal et al. 2011) and Discussion for further model considerations).
The somatic and dendritic membrane potentials follow the standard Hodgkin-Huxley formalism with current balance equations as follows:
where, C m = 1 lF/cm 2 as for most cells. The ion channel gating kinetics of motoneuron soma are given by the following equations: (Booth et al. 1997) .
The dendritic ion channel gating kinetics follow:
where the time constant of activation for L-type calcium current is, s m CaL = 40 ms (Booth et al. 1997) . The activation time constant of persistent sodium currents was chosen similar to L-type calcium, s m NaP = 40 ms, while the inactivation was in the order of magnitude as in other mammalian neurons with s h NaP = 1,000 ms. The intracellular calcium concentration in the somatic compartment is modeled to depend on the high-voltage activated CaN calcium currents while the calcium concentration in the dendritic compartment is modeled to depend explicitly on L-type Ca 2? PIC as follows:
where the constant f = 0.01 is the percent of free to bound calcium, a = 0.009 mol/C/lm converts the total calcium current in each compartment to Ca 2? concentration and K Ca = 2 ms -1 is the calcium removal rate assumed to be similar in both compartments (also see (Booth et al. 1997) ).
Somatic currents are:
where the maximal ionic conductances are (in mS/cm 2 ): g L = 0.51; g Na = 80; g Kdr = 100; g CaN = 14; g KCaN = 6. The ratio of somatic area to the total surface area of the motoneurons p area = 0.1 and the soma-dendrite coupling conductance g coup = 0.1 mS/cm 2 . The dendritic ionic currents are:
where the maximal ionic conductance are (in mS/cm 2 ): g CaL = 0.27; g NaP = 0.13; g SK-L = 1 and the ionic reversal potentials are (in mV):
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where the half-activation and inactivation voltages for the somatic channel gating functions are (in mV) h mNa = -35,
The voltage sensitivities of activation and inactivation are (in mV) K mNa = 7.8,
Dendritic steady-state voltage-dependent channel activation/inactivation functions are:
where the half-activation and inactivation voltages for the dendritic channel gating functions are (in mV) h mCaL = -39, h mNaP = -48, h hNaP = -35 and the voltage sensitivities of gating functions are (in mV)
Simulations and steady-state analyses were performed using XPPAUT (Doedel 1981; Ermentrout 2002) and MATLAB TM was utilized to make the figures. One and twoparameter bifurcation was used to demonstrate the changes in the steady-state responses with respect to changes in one or more parameters including somatic injected current, somatic and dendritic KCa conductances.
Results
Motoneurons develop exaggerated PICs chronically after spinal cord injury (SCI) (Li and Bennett 2003; Li et al. 2004a ). The PICs, thought to be of dendritic origin, produce a counter-clockwise hysteresis in the I-f relationship during a somatic current injection (Bennett et al. 2001a ). We reproduce these firing properties in the model motoneuron as illustrated in Fig. 2a . The response of the somatic (V SOMA ) and dendritic (V DENDRITE ) voltages to a triangular ramp current injection in the soma (I SOMA ) is shown. As I SOMA ramps up (bottom trace in Fig. 2a) , V DENDRITE slowly develops a plateau potential marking the activation of PICs. The dendritic plateau provides a strong Fig. 2 Firing properties of the SCI motoneuron model. a Voltage and frequency response to a triangular ramp current injection (bottom trace) increasing from 0 to 20 nA (up ramp) and then down to -10 nA (down ramp) at the rate of 5 nA/s. The dendritic voltage V DENDRITE develops a plateau during the up ramp; a concomitant acceleration in somatic spikes and a jump up in the firing frequency are noted. The time axes are the same for each panel and that for the current ramp. b The I-f relationship showing counter-clockwise hysteresis. Three frequency ranges are noted: 1 0 or primary range with lower firing frequencies before the plateau onset, 2 0 or secondary range during the plateau development, 3 0 range during sustained plateau activation depolarization at the soma resulting in higher (plateaumediated) firing frequencies. The resultant I-f curve is shown in Fig. 2b . The 1 0 frequencies mark the primary range before plateau activation, the 2 0 frequencies mark the secondary range during plateau activation and the 3 0 frequencies correspond to the tertiary range of motoneuron firing.
Model reproduces effects of pharmacological blockade of small-conductance KCa currents Experimental reports have shown that apamin, a nonspecific SK channel blocker, induces intense firing in SCI motoneurons that in some cases resulted in virtually no termination of firing even with injection of very large hyperpolarizing (negative) currents at the soma (Li and Bennett 2007) . This apamin-induced uncontrollable firing is partly mediated by its action on the mAHP conductance. Hence, we simulate the apamin effect in our model by eliminating both somatic and dendritic KCa conductances ( somatic g KCaN = 0, dendritic g KCaL = 0) that in turn also eliminated the mAHP (see Fig. 3a, b) . In these and in subsequent figures, ''control'' refers to the condition with default values of the two KCa conductances that result in firing properties similar to a SCI motoneuron as that shown in Fig. 2 . Though elimination of mAHP increased high-frequency discharge, it did not eliminate the slow firing often observed during the last few spikes of the decreasing ramp. Such slow firing is attributed to NaP currents that cause slow sub-threshold ramping of the membrane potential (double arrows in Fig. 3b ) eventually resulting in a spike (Li and Bennett 2007) . Experiments have further shown that elimination of N-type calcium currents by Conotoxin MVIIC abolishes mAHP while elimination of L-type calcium currents by Nimodipine did not abolish the mAHP (Li and Bennett 2007) . We verify this result in our model by selectively setting somatic g KCaN and dendritic g KCaL to zero (see Fig. 3c ). In these simulations, we note that the classic fAHP or fast AHP due to activation of delayed rectifier potassium currents are not affected as also observed in (Li and Bennett 2007) . In summary, the model reproduces experimental observation that mAHP is mediated by N-type and not L-type KCa currents.
Differential role of somatic and dendritic KCa currents in the control of motoneuron discharge
The mAHP has been suggested to play an important role in the control of motoneuron gain (Manuel et al. 2005 (Manuel et al. , 2006 . However, whether mAHP influences PIC-mediated motoneuron discharge is unknown. Moreover, the role of the dendritic L-type calcium-dependent KCa in the control of PIC activation and deactivation is yet speculative. Indeed, whether enhancement of PICs following SCI can partly result from a down-regulation of calcium-dependent potassium currents colocalized with L-type calcium currents in dendrites is unclear. We addressed these questions by examining the motoneuron firing properties upon selective removal of the mAHP-causing somatic g KCAN and the L-type calcium-dependent dendritic g KCaL conductances. Figure 4b shows the I-f response to the triangular current ramp as in Fig. 2a upon removal of the somatic KCa conductance ( somatic g KCaN = 0). Note that in comparison with the control response in Fig. 4a , elimination of somatic g KCaN greatly increased the firing frequency in all the three ranges. This increase in frequency gain is consistent with the inverse relationship observed between mAHP size and slope of I-f relationship by (Manuel et al. 2005 (Manuel et al. , 2006 . We further observed a nominal reduction in the input threshold for recruitment (i.e., firing onset) in the primary range and a larger reduction in threshold for PIC onset in the secondary range. Alternatively, elimination of dendritic KCa did not significantly alter overall firing frequencies of the motoneuron suggesting very little gain modulation (see Fig. 4c ). It did, however, completely eliminate the primary range frequencies and increased the slope of secondary frequencies suggesting its greater control on PIC activation. Moreover, elimination of dendritic KCa enhanced the dendritic plateau magnitude (see Fig. 4d ) while elimination of somatic KCa only advanced the plateau onset by a small amount as illustrated in the same figure. In summary, dendritic KCa currents exerted greater control on PIC induced plateau and firing frequencies while mAHP-mediated somatic KCa currents were important for limiting the overall firing frequencies (gain control) of the motoneuron.
Steady-state analyses of the selective role of dendritic KCa in PIC control
We next examined the selective role of somatic and dendritic KCa in controlling the input (I SOMA ) thresholds for PIC activation/onset and deactivation/offset using a steadystate bifurcation analysis. To do so, we generated the steady-state bifurcation diagram of V DENDRITE with I SOMA as the bifurcation parameter (see Fig. 5a ). The theoretical onset and offset thresholds for PIC/plateau lie at the lower and upper knees of the S-shaped steady-state curves respectively (see black dots in the figure) (Booth et al. 1997; Lee and Heckman 1998a) . The dendritic voltage response to the slow triangular ramp I SOMA (such as in Fig. 2a ) was superimposed on the resultant S-shaped steady-state curve and the arrows further illustrate the evolution of V DENDRITE plateau in time. Note that when somatic KCa is blocked (Fig. 5b) , the PIC onset and offset Cogn Neurodyn (2012) 6:283-293 287 thresholds do not change. However, we did observe a slightly higher depolarized state of dendritic plateau on the upper branch of the S-shaped curve (see near merger of the upper dashed line with solid line in Fig. 5b ). This slight enhancement of the plateau is likely due to a positive feedback from the soma (as a result of the electrotonic coupling) in the absence of the mAHP. In contrast, removal of dendritic KCa currents (Fig. 5c ) produced substantial negative shifts in the I SOMA thresholds for both PIC onset and offset (note the shifts in lower and upper black circles in comparison with control). Moreover, the dendritic voltage was significantly more depolarized suggesting and Na ? conductances was slightly adjusted from 1.77 to 1.68 to more closely mimic Fig. 2 in (Li and Bennett 2007) . Right: The somatic and dendritic Ca 2? -dependent potassium conductances were set to zero (g KCaN = 0, g KCaL = 0) to mimic the effect of the SK channel blocker apamin in (Li and Bennett 2007) . b The first and last spikes are expanded in time under control and apamin simulated conditions to highlight the elimination of mAHP and not fAHP. The double arrows near the sub-threshold regions of the last spikes denote that the slow ramping of membrane potential before spike generation is characteristic of I NaP and is not abolished on mAHP elimination. c Illustration of the effects of eliminating the low-voltage activated persistent calcium current (g CaL = 0) and high-voltage activated N-type calcium current (g CaN = 0) mimicking nimodipine and x-Conotoxin application respectively. Note that removal of the persistent calcium current does not eliminate mAHP (middle trace) while removal of the N-type calcium current completely abolishes the mAHP (right trace). The left trace shows control; middle trace shows an overlay of the control (in grey) on the g CaL = 0 trace (in red). (Color figure online) enhancement of PIC magnitude. These results suggest that dendritic KCa is critical for controlling the magnitude and thresholds of PICs. In Fig. 6 , we further utilize twoparameter bifurcation diagrams to illustrate the changes in PIC onset and offset thresholds for a wide range of somatic KCa (Fig. 6a ) and dendritic KCa (Fig. 6b) conductances. Note that the I SOMA thresholds for PIC onset and offset are virtually insensitive to changes in the mAHP-mediating somatic KCa conductance. However, changes in dendritic KCa conductance significantly modulated these threshold values. As dendritic KCa conductance increased, the (2012) 6:283-293 289 distance marked by the I SOMA range between PIC onset and offset for a given choice of dendritic g KCaL value declined and finally became zero suggesting lack of plateau development. In summary, the dendritic KCa currents strongly modulate the magnitude as well as the onset and offset thresholds of the plateau/PIC while the somatic KCa currents have negligible effect.
Discussion

KCa mediated PIC control-implications for hyperreflexia
Using a two-compartment SCI motoneuron model, we demonstrate a critical role for dendritic KCa currents in PIC control. In comparison with somatic KCa, the magnitude and thresholds for PIC activation and deactivation were highly sensitive to dendritic KCa (Figs. 4, 5, 6 ). Removal of dendritic KCa current indeed caused abrupt plateau activation, rapid transition into secondary range and lack of primary range frequencies. However, dendritic KCa showed much less influence on the motoneuron gain than somatic KCa aside from the I-f relation changes just mentioned. In contrast, the mAHP-producing somatic KCa was important for limiting the overall firing frequencies consistent with the inverse relationship observed between mAHP size and I-f gain found by (Manuel et al. 2006) . A previous morphologically detailed computational model of cat motoneurons suggested that the mAHP is important for grading PIC activation (Elbasiouny et al. 2006) . Supporting this notion, we did note that a lack of mAHP advanced the secondary range firing corresponding to plateau onset; however, considering the morphological simplification of our model, this grading effect of PICs by the mAHP-producing somatic KCa might be an underestimation. Nonetheless, no change has been noted in the mAHP following SCI (Li and Bennett 2007) . Considering these results, we postulate that dendritic L-type calcium-dependent potassium currents are critical for PIC regulation, and a relative reduction of these currents may contribute to the abrupt transitions into secondary and tertiary range frequencies resulting in muscle spasms.
Assumptions of the motoneuron model
Based on available evidence, we made certain assumptions regarding the location of PIC and KCa channels to construct the motoneuron model. The L-type calcium PIC, I CaL is likely mediated by low-threshold Cav1.3 calcium channels that are located in the dendrites (Simon et al. 2003; Ballou et al. 2006; Carlin et al. 2000) . Previous modeling reports further support a dendritic origin of the plateau-mediating I CaL that reproduced several experimentally observed motoneuron firing properties such as membrane bistability and I-f hysteresis (e.g., (Booth and Rinzel 1995; Elbasiouny et al. 2006; Grande et al. 2007 ); however, see (Moritz et al. 2007 ). Due to the speed of mAHP generation following an action potential, the mAHP-causing N-type calcium and N-type calcium activated potassium currents were confined to the soma (also see (Booth et al. 1997) ). The dendritic location of the L-type calcium-dependent potassium current and its spike-independent activation is based on its insensitivity to calcium N-channel blockers, its sensitivity to calcium L-channel blockers, and the likely dendritic location of the L channels (see ''Discussion'' in (Li and Bennett 2007) ). Moreover, indirect evidence on hippocampal pyramidal cells suggests a sub-type of SK currents potentially of dendritic origin that do not contribute to somatic action potential dependent mAHP (Gu et al. 2008) . Secondly, we assumed explicit coupling between the calcium currents (both L-and N-type) and the specific potassium currents that they activate consistent with their spatial separation. But we should note a report on hippocampal neurons which suggests that there is a functional coupling between specific types of calcium (N-and L-type) and calcium-activated potassium (BK and SK, respectively) channels (Marrion and Tavalin 1998) . It is conceivable that the selective sensitivity of I KCaL and I KCaN may depend on couplings of L-type and N-type calcium channels with specific subtypes of SK channels (Liegeois et al. 2003 ) in addition to, or instead of, distinct localizations.
Motoneurons contain a variety of voltage-activated currents, and several were not included in the model in order to maintain its simplicity and facilitate interpretation of the results. Of particular interest is the hyperpolarization-activated mixed inward cation current (I h ) (Kjaerulff and Kiehn 2001) . Increase in I h following SCI has been reported to elevate resting potential (c.f. (Harvey et al. 2006a ). This may reduce the action potential threshold and accelerate motoneuron recruitment (c.f. (Kiehn et al. 2000) . Furthermore, a potential interaction between I h and persistent sodium current that activates near spike threshold may promote I NaPmediated slow repetitive firing (c.f. (Li and Bennett 2003) ). However, it is unlikely that such activity could induce spasm-like high frequency discharge in motoneurons (e.g., (Li et al. 2004b) ). Available evidence also suggests that elimination of I h does not alter estimations of 5-HT induced Ca 2? PICs after SCI (Li and Bennett 2007) . Based on these considerations, we did not include I h in the current model. Our model also does not take into consideration any potential changes to motoneuron morphology as a significant factor in the induction of hyperexcitability (see (Kurian et al. 2011) . Reports on SCI-induced changes in adult motoneuron morphology are currently inconsistent and changes observed in morphology may be injury and motoneuron specific (Gazula et al. 2004; Bose et al. 2005; Kitzman 2005) . Moreover, our two-compartment model provided the simplest means of exploring differences in motoneuron function related to somatic-dendritic channel location; changes in the relative conductance of the two compartments corresponding to SCI-associated changes in morphology should have relatively small impact on the results and conclusions drawn here without redistribution of the voltage-and calcium-dependent conductances.
Mechanism underlying PIC activation and deactivation
The steady state-analysis of Fig. 5 can help explain how the motoneuron discharge is influenced by the dendritic plateau and the two KCa conductances. While the soma is the spike generating compartment, the dendrite contributes to motoneuron firing by providing the additional plateau-mediated depolarization (also see (Booth and Rinzel 1995) ). When the current injected into the soma increases during a ramp (Figs. 2, 3) , the motoneuron soma reaches firing threshold and the primary range of firing is initiated. Increasing I SOMA also depolarizes the dendrite due to the electrotonic coupling between the two compartments and recruits a dendritic plateau potential. As illustrated in Fig. 5 , at I SOMA values corresponding to PIC onset (lower black circle in Fig. 5 ), the dendritic PICs begin to activate. However, note that the associated plateau depolarization is opposed by the mAHP causing I KCaN in the soma. This causes a grading effect on PICs and results in an extended primary range firing. We confirm this by comparing Figs. 4a and b, wherein I KCaN removal reduced the extent of primary range and advanced secondary range firing. However, the mAHP itself does not affect either the dendritic plateau magnitude or onset threshold (Fig. 4d, 6a respectively) . This is largely due to the distal location of I KCaN from the plateau-mediating PICs. Further increases in I SOMA continue to depolarize dendritic membrane and secondary range of frequencies develops until the plateau is fully activated. The dendritic voltage then stays close to the upper branch of the S-shaped steady-state curve (Fig. 5) and the motoneuron now fires in the tertiary range. During the down ramp, the plateau continues to depolarize the soma. However, the spike generating probability in the soma relies on the balance between the reducing/hyperpolarizing I SOMA and the dendritic depolarization due to the already developed plateau potential. In the absence of dendritic L-type KCa currents, the magnitude of plateau increases and hence causes increases in both the firing frequency and plateau offset threshold (Figs. 4d, c, 6b respectively). As I SOMA further reduces, the depolarization provided by the plateau is insufficient to produce somatic action potentials and firing ends. However, as noted from the S-shaped steady state curve in Fig. 5 , the stable range of dendritic voltage on the upper branch remains and the plateau persists. Further hyperpolarization by I SOMA is required for the PICs to be deactivated and the plateau to turn off as indicated by the black circle on the upper branch in the figure. Thus the plateau can outlast somatic firing offset. The stability of the plateau further suggests that a motoneuron could remain depolarized and hence predisposed to begin firing at higher (tertiary) frequencies in response to a somatic/dendritic excitation that would otherwise cause no firing or low frequency firing (also see (Lee and Heckman 1998a, b; Venugopal et al. 2011 ) for bistability). Hence, the firing offset and the plateau offset are distinct phenomena. Note that the mAHP does not affect plateau offset (Fig. 6a) due to its relative speed and distal location in comparison with the slowly decaying dendritic PICs. However, when the L-type KCa is blocked, the plateau persists for a greater range of hyperpolarizing I SOMA . These model analysis results are consistent with the experimental observations of a lack of PIC deactivation even at a very large hyperpolarizing I SOMA during apamin application (Li and Bennett 2007) .
Mechanisms underlying PIC dysregulation after SCI
A variety of alterations occur following spinal cord injury that potentially affect the expression and regulation of PICs and motoneuron excitability. A primary factor is the emergence of constitutive activity of 5HT 2B and 2C receptors producing recovery of PIC expression and independence of normal neuromodulatory control of PICs (Murray et al. 2010 (Murray et al. , 2011 . Given this state of chronic PIC facilitation, mechanisms that activate or suppress activation of PICs are potentially important factors in causing or reducing motoneuron hyperexcitability. PIC activation may be facilitated by increased excitatory reflexes following spinal cord injury (Baker and Chandler 1987; Li et al. 2004b ). Synaptic inhibition has been shown to be a key mechanism in the control of motoneuron discharge and dendritic PIC activation (Bennett et al. 1998; Hultborn et al. 2003) , particularly for dendritic sources of inhibition (Bui et al. 2008; Venugopal et al. 2011) . Synaptic inhibition may be altered by changes in inhibitory receptors (Bareyre and Schwab 2003; Khristy et al. 2009 ) and alterations in the strength of segmental inhibitory synaptic inputs (Shapiro 1997; Norton et al. 2008) . Moreover, downregulation of the potassium-chloride cotransporter KCC2 following SCI depolarizes the chloride equilibrium potential and reduces the strength of synaptic inhibition (Boulenguez et al. 2010) . Thus changes in several mechanisms related to synaptic inhibition may contribute to motoneuron hyperexcitability and hyperreflexia and provide potential targets for therapeutic intervention (Venugopal et al. 2011 ).
The present work demonstrates the importance of dendritic SK currents in the control of PICs, suggesting that they may be an intrinsic motoneuron target to consider for moderation of motoneuron excitability in addition to 5HT receptors (Murray et al. 2010) . If SK channels in somatic and dendritic locations differ only by the source of calcium that activates them, their manipulation would affect I-f gains as well as PIC activation and deactivation. If they differ as well by subtype (Liegeois et al. 2003) , their selective manipulation could have therapeutic benefits. The comparative benefits and liabilities of altering the activity of SK channels remain to be explored, but the simulations presented here indicate that this avenue of research merits consideration as a potential therapeutic measure to moderate motoneuron excitability.
